Most studies of mobile phone use are case-control studies that rely on participants' reports of past phone use for their exposure assessment. Differential errors in recalled phone use are a major concern in such studies. INTERPHONE, a multinational case-control study of brain tumour risk and mobile phone use, included validation studies to quantify such errors and evaluate the potential for recall bias. Mobile phone records of 212 cases and 296 controls were collected from network operators in three INTERPHONE countries over an average of 2 years, and compared with mobile phone use reported at interview. The ratio of reported to recorded phone use was analysed as measure of agreement. Mean ratios were virtually the same for cases and controls: both underestimated number of calls by a factor of 0.81 and overestimated call duration by a factor of 1.4. For cases, but not controls, ratios increased with increasing time before the interview; however, these trends were based on few subjects with long-term data. Ratios increased by level of use. Random recall errors were large. In conclusion, there was little evidence for differential recall errors overall or in recent time periods. However, apparent overestimation by cases in more distant time periods could cause positive bias in estimates of disease risk associated with mobile phone use.
Introduction
Concerns about the possible adverse health effects of radio frequency (RF) fields used in mobile telephony have prompted a number of epidemiological studies, primarily focusing on central nervous system tumours (Muscat et al., 2000 (Muscat et al., , 2002 Inskip et al., 2001; Johansen et al., 2001; Auvinen et al., 2002; Warren et al., 2003; Christensen et al., 2004 Christensen et al., , 2005 Lonn et al., 2004 Lonn et al., , 2005 Lonn et al., , 2006 Hardell et al., 2005; Schoemaker et al., 2005; Hepworth et al., 2006; Takebayashi et al., 2006; Schuz et al., 2006a,b; Hours et al., 2007a; Klaeboe et al., 2007; Lahkola et al., 2007; Schlehofer et al., 2007) . Most are case-control studies that rely on participants' reports of past mobile phone use as surrogate for RF exposure assessment. Error in recalled phone use is a major concern in these studies, particularly if it differs between cases and controls (Auvinen et al., 2006; Inyang et al., 2008) .
Differential errors in recall of exposure can attenuate, strengthen or even invert a true association, or induce a spurious association (Drews and Greenland, 1990; Armstrong et al., 1992; White, 2003) . Cases may overreport their exposure, perhaps seeking an explanation for their disease (Drews and Greenland, 1990; Infante-Rivard and Jacques, 2000) . In brain tumour studies, cases may also recall exposure with greater random error, as the tumour may affect their memory. Previous validation studies have shown substantial error in healthy volunteers' short-term recall of phone use (Parslow et al., 2003; Samkange-Zeeb et al., 2004; Berg et al., 2005; Morrissey, 2007; Vrijheid et al., 2006a; Hours et al., 2007b) . However, there is as yet no direct evidence of differential recall error in studies of mobile phone use and brain tumours.
INTERPHONE is a large multinational case-control study of brain tumour risk and mobile phone use (Cardis and Kilkenny, 1999; Cardis et al., 2007) . Here, we present results of an INTERPHONE validation study, which aims to quantify recall error among cases and controls by comparing traffic and/or billing records collected from network operators with self-reports of mobile phone use.
Methods
INTERPHONE study methods have been published elsewhere (Cardis et al., 2007) . Briefly, cases were between 30 and 59 years of age, diagnosed with a first primary glioma, meningioma, acoustic neuroma, or parotid gland tumour, and resident in specified regions of 13 participating countries. Controls were randomly selected from the same source populations and matched to cases by age, sex, and region.
Eligibility Criteria for the Validation Study
In six INTERPHONE study centres in three countries (Australia F Melbourne and Sydney; Canada F Montreal, Ottawa, and Vancouver; and Italy F Rome) it was feasible to collect traffic or billing records from network operators for subjects who consented (following approval by Local Ethics Review Boards). Subjects were eligible for inclusion if they were regular mobile phone users at the time of interview and holder of the subscription. Details of data collection protocols are summarised in Table 1 . In Canada and Italy, subjects were included only if they did not share their phone with others for more than 25% of total call time. In Italy and Australia, proxy respondents were not included.
Interview Data
Trained interviewers interviewed all subjects using the INTERPHONE computer-assisted personal interview (Cardis et al., 2007) . The mobile phone section included an ''event history calendar'', structured according to factors that may change patterns of phone use, and a comprehensive catalogue of mobile phone pictures to aid in phone identification. The amount of phone use was reported for each mobile phone used; if use changed within the use period of one phone, multiple periods were reported. For each period, questions were asked concerning average duration and number of calls made or received and the network operator. Average call time was reported by call or by day, week, or month. Interviewers rated the apparent quality of respondents' memory.
Operator Data
Mobile phone network operators were given consent forms and identifying details (name and subscription phone numbers) for consenting subjects; they then provided records for all traceable subscriptions. All major operators in the three countries participated, although in Canada one of the largest operators could not provide records for an appreciable proportion (40%) of subjects. Australian operators were able to provide data on outgoing calls only. All records included the date, time, and duration of each voice call. Records were collected from the date they became accessible (Table 1) or the start date of the subscription, whichever was the latest, until the date of interview or the stop date of the subscription, whichever was the earliest. In Italy, data were collected up to diagnosis date of cases and corresponding reference date of controls for 50% of subjects. Operator data were often incomplete, as many subscriptions, and particularly earlier parts of subscriptions, could not be traced due to difficulties in linking phone numbers and problems in accessing archived records.
Matching Data Periods
Periods of reported phone use were matched to operator records for each subject. Because of the incompleteness of operator records, periods were only included in analyses if data from both the subject and the operator were available, and the operator reported by the subject matched the operator that provided data for the period in question.
For each matching period of mobile phone use, two phone use indicators were calculated: the average number of calls per month and the average duration (in minutes) of calls per month. For many subjects, the data contained multiple matching periods, sometimes with gaps between periods for which no matching data could be found. Matching periods of less than 1 week were excluded, as were subjects with less than 31 days of matching data for all periods combined (6 subjects). Operator data in Australia were multiplied by 2 to correct for the missing incoming calls in the operator data, as interview data were only available for incoming and outgoing calls combined.
Statistical Analysis
Analyses compared self-reported and operator-recorded number and duration of calls. Analyses were performed for phone use in all matching periods accumulated up to the date of the interview and for all use accumulated up to 1 year before the date of interview (the INTERPHONE study analysis excludes phone use less than 1 year before the reference date, defined as date of diagnosis of the case in each matched set). To evaluate whether recall deteriorated with increasing time before interview, data were analysed within periods of r1 year, 1-2 years, 2-3 years, 3-4 years, and 44 years before the date of interview.
Agreement between categories of number and duration of calls was tested using the weighted k-statistic (Landis and Koch, 1977) . Quintiles of the operator-recorded phone use distribution were used to categorise the data.
The level of agreement between self-reported and operatorrecorded phone use on a continuous scale was measured by the ratio of reported to recorded phone use. The mean of this ratio represents the average level of over-(ratio41) or under (ratioo1) estimation, and its standard deviation provides a Data from a pilot study during 1998-2001 for a small number of subjects was also included. 35 subjects with only outgoing records were excluded from the data.
measure of the variation between individuals and, therefore, of the random error in recall. All analyses used logtransformed data as phone use variables have highly skewed distributions. For presentation of results, the mean and 95% confidence bounds of the log-transformed data were exponentiated to the arithmetic scale. Multivariate linear regression was used to test for differences in the log-ratio between cases and controls, adjusting for the effects of country, age (o40 years, 40-49 years, Z50 years), sex, and time period before interview (see above). Regression analyses were further conducted including explanatory variables from the interview: reported lifetime cumulative number of calls and call time (in deciles), reported years-since-start-of-use of a mobile phone, reported number of phones used, the option used for the reporting of call time (per call or per day/week/ month), education (four categories), and quality of memory as rated by the interviewer. Reported lifetime cumulative number of calls and call time, and years-since-start-of-use are the main exposure variables in the full INTERPHONE analyses and the quantification of recall errors in categories of these variables is therefore of particular interest. Analyses were repeated excluding Australia, because of its lack of operator data for incoming calls. In all regression analyses, we included random effects accounting for multiple, correlated periods within one subject (Stata command XTREG; StataCorp., 2005) . We used the graphical method of Altman (1995, 1999 ) to assess the relationship between level of use and level of error. Following this method, the ratio of the two measures (reported to recorded phone use) was plotted against their average. In all, 95% limits of agreement were calculated as the mean ratio ± 2 SD.
Results
Matching self-reported and operator-recorded data were available for 212 cases and 296 controls (Table 2) . Overall, 50% of controls and 54% of cases were men; 27% of controls and 26% of cases were o40 years old, and 40% of controls and 36% of cases were Z50 years. These subjects represented 27% of controls (23 in Australia, 21 in Canada, and 43 in Italy) and 23% of cases (15 in Australia, 26 in Canada, and 40 in Italy) included as regular mobile phone users 1 year before the reference date in the full INTERPHONE analyses population in these countries (Table 2) . They did not differ greatly from the full analysis population by age, sex, time since start of phone use, or lifetime cumulative phone use (not shown). On average, the matching data periods were longest in Australia and shortest in Canada; they were somewhat longer for controls than cases in all three countries.
Agreement Overall
There was complete agreement between categories of selfreported and operator-recorded number of calls for 37% of cases and 39% of controls (Table 3) ; another 41% of both cases and controls showed agreement within adjacent categories. Weighted k-values were 0.45 for cases and 0.47 for controls. Similarly, call duration showed perfect agreement for 41% of cases and of controls and agreement within adjacent categories for another 32% of cases and 34% of controls. Weighted k-values for call duration were 0.45 for both cases and controls.
Median, minimum, and maximum numbers of calls and duration of calls per month as reported in the questionnaires and recorded by the operators are shown in Table 4 for cases and controls in each country. On average, both cases and controls underestimated the number of calls they made by a factor of 0.81 (95% CI: 0.71, 0.93 for cases; 0.73, 0.91 for controls) (Table 5 ). Call duration was overestimated by around 40% on average by cases and controls (ratio 1.39, 95% CI: 1.18, 1.67 for cases; ratio 1.40, 95% CI 1.21, 1.60 for controls). Ratios were slightly higher when only data up to 1 year before the interview were analysed or when Australia was excluded. There was large variation among Recall bias in mobile phone studies Vrijheid et al individuals of similar magnitude for cases and controls as illustrated by the 95% limits of agreement; these ranged for number of calls from 0.10 to 6.4 for cases and 0.12 to 5.6 for controls (Figure 1) , and for duration of calls from 0.10 to 18.8 in cases and 0.12 to 16.1 for controls (Figure 2 ). The ratio of reported to recorded use increased strongly with increasing level of use for both cases and controls and for both number and duration of calls, showing underestimation at lower levels and overestimation at higher levels of use (Figures 1 and 2) .
Ratios for number of calls differed between countries in both cases and controls, due mainly to lower ratios in Australia, but there were no significant differences between cases and controls in any country. For duration of calls, cases in Italy tended to overreport more than controls, whereas in Canada controls tended to overreport more than cases.
For number of calls, the mean ratio and its standard deviation differed little between the main types of tumours. Glioma cases showed a slightly higher mean level of overreporting of duration of calls (ratio ¼ 1.54) than meningioma (ratio ¼ 1.38) and other (ratio ¼ 1.23) cases, but confidence intervals largely overlapped.
Agreement by Period before Interview
Mean ratios of reported to recorded number and duration of calls increased significantly with increasing time before interview among cases, but only minimally for number of calls and not for call duration among controls (Table 6 ). The trends persisted after adjustment for cumulative lifetime phone use or years-since-start-use, and were present in all case groups (data not shown). The trends were apparent in all three countries, although very few Canadian subjects had data in periods more than 2 years before the interview (data not shown). The comparison of ratios over time may be somewhat misleading as few subjects had data in all periods. Analyses were, therefore, also carried out for the restricted group of Australian and Italian subjects who contributed data to each of the first four time periods. In Australia, trends in the restricted group were similar to the overall group (Table 6 ). In Italy, the restricted case group showed a trend only for number of calls, not for duration.
Agreement by Reported Lifetime Use and Time since Start of Use
Strong trends of increasing ratios of reported to recorded use were found by categories of reported lifetime cumulative number of calls and call time (the main exposure variables in INTERPHONE), ranging from a high level of underreporting in lower categories of use to a high level of overreporting in the upper categories (Table 5) . These trends were similar for cases and controls. Trends were similar for all case groups (not shown). Ratios also increased with increasing years-since-start-of-use for number and duration of calls (Table 5) , and with reported number of phones used (not shown).
Agreement by Other Variables
The ratio of self-reported to recorded call duration did not differ appreciably by the option chosen to report call duration (per call or per day/week/month), for either cases or controls (not shown). Furthermore, no material differences were observed between sexes, age groups, education categories, or by quality of memory as rated by the interviewer (not shown).
Discussion
This validation study is the first to evaluate recall error in mobile phone use for cases and controls. Self-reports were compared with records of phone use kept by network operators, the assumed ''gold standard''. It confirms earlier reports that recall of mobile phone use is often inaccurate (Parslow et al., 2003; Samkange-Zeeb et al., 2004; Berg et al., 2005; Vrijheid et al., 2006a; Hours et al., 2007b) . Values of the k-statistic showed only moderate agreement between reported and actual phone use. No more than about 40% of subjects were able to correctly estimate their phone use in categories defined by quintiles. On average, cases and controls underestimated the number of calls they made by 23% and overestimated call duration by 40%. These recall errors are similar to those observed in our validation study of healthy volunteers in 11 countries studying recall over only 6 months: 9% underestimation of number of calls and 42% overestimation of duration (Vrijheid et al., 2006a) . The two studies were also similar in subjects' tendencies to underreport lower levels and overreport higher levels of phone use, and in their levels of random error.
Of particular importance in assessing recall bias is the extent to which recall errors, systematic or random, differed between cases and controls. The systematic and random errors we observed were similar for cases and controls for phone use accumulated over the entire period of the validation study, as well as for phone use during the time periods closest to the interview. Results were somewhat inconsistent between countries; only in Italy did cases overreport more than controls. Our observations were limited, nonetheless, to use within about the past 4-5 years, whereas the main exposure variables in the full INTER-PHONE analysis accumulate phone use over the entire period of use for each person.
For all case groups, but not for controls, we observed the ratio of reported to recorded duration and number of calls to increase with increasing time before the interview. These trends were based on few cases with long-term data and were somewhat inconsistent between countries, but they could cause positive bias in measures of disease risk associated with mobile phone use in the intermediate-to-distant past. The reasons for these findings are unclear. Poorer recall of more distant phone use by cases is conceivable if, for example, long-term memory in brain tumour cases was more affected than short-term memory. There is considerable literature on memory impairment and cognitive dysfunction in people with brain tumours (Salander et al., 1995; Weitzner and Meyers, 1997; Tucha et al., 2000) , but evidence concerning long-term memory is limited. In any case, memory problems in brain tumour cases would be expected to lead to more random error rather than more overreporting. Random errors were, in fact, similar between the different tumour types and, although somewhat higher levels of overestimation of call duration were observed in brain tumour cases than in other cases, the trend to greater overreporting in earlier time periods was similar in cases of all tumour types. Rumination bias, whereby cases consciously or unconsciously overestimate their phone use in an effort to explain their disease, might account for these results, but it is unclear why such a bias would affect reporting of distant phone use more than recent phone use. Errors in recall varied between countries, possibly because of differences in study methods. For example, the types of subscriptions included differed F mainly prepaid in Italy, only contract subscriptions in the other countries F as did the level of completeness of operator data, the time period over which data were collected, and the inclusion of outgoing calls and shared users ( Table 1 ). The correction factor of two used to account for missing incoming calls in Australia may have influenced the absolute levels of error in this country, but we think it is unlikely to have affected the comparisons of main interest in this study, that is, those between cases and controls. Analyses of Italian and Canadian data sets did not show significant differences in the ratio of outgoing-toincoming calls between cases and controls, or between sexes and age groups (not shown).
This study included about a quarter of cases and controls who used mobile phones in the three participating countries. This subsample did not differ from the full set of study participants on sex, age, time since start of phone use, and level of phone use. We do not know whether reasons for agreeing to participate in the validation study may have been related to recall of phone use. It is possible, for example, that cases with more severe diseases and perhaps worse memory, were less likely to participate. Furthermore, proxy interviews in Italy were not included in the validation study, although they represented a large proportion of case interviews there (44% of all glioma cases) and may have had worse recall.
The ''gold standard'' used in this study may itself have been subject to error due to errors in personal identifiers used for linkage, erroneous or missing traffic or billing records, and so on; we have no way of quantifying such errors. We did, however, exclude all uncertain matches between operator and interview data, as well as phone users for whom the operator data might not correctly reflect actual use, such as those who did not hold the subscription for the phone they used and, even though incompletely, those who shared their phone with another user for an important fraction of its use time.
If there is a real association between mobile phone use and brain tumour risk, the nondifferential random errors that dominate this validation study would be expected to bias risk estimates towards the null (no effect), and increase their uncertainty, making it more likely that real associations would not be detected (Armstrong, 1990; Armstrong et al., 1992; Vrijheid et al., 2006b) . However, such errors do not normally induce spurious associations if there is no true association between exposure and outcome (Armstrong, 1990) . Systematic under-or overestimation of phone use would bias estimates of risk per unit of exposure, respectively, upwards or downwards. The nondifferentially increasing systematic recall errors by level of use observed in this study would be expected to weaken any ''true'' dose-response. Differential errors observed in longer term phone use could induce positive bias. We have observed in a simulation study that, in the presence of large random errors, systematic errors made very little additional impact on assumed risk estimates for continuous exposure indices (cumulative hours of phone use), even when relatively extreme systematic errors were modelled and when the systematic errors simulated differed between cases and controls (Vrijheid et al., 2006b ).
Conclusion
Most studies of mobile phone use have used a case-control approach and rely on participants' reports of past phone use for their exposure assessment. They are, therefore, subject to recall bias. This study confirms earlier reports that recall of the amount of phone use is imperfect and prone to moderate systematic and substantial random error. Overall, there was little evidence that recall errors differed between cases and controls, but findings were not entirely consistent between countries. Apparent trends towards increasing overreporting with increasing time since interview (up to 4-5 years) were observed for cases, but not controls. This could cause positive bias in measures of disease risk associated with mobile phones use in the intermediate-to-distant past, and requires consideration in the interpretation of case-control studies of possible health effects of mobile phones. 
